An aluminum foam sandwich was fabricated by FSP route. In this process, both the fabrication of a foamable precursor and the metallurgical bonding between the precursor and a dense steel sheet can be simultaneously conducted. Although intermetallic compounds consisting of Fe 2 Al 5 and FeAl 3 were generated, tensile tests revealed that the bonding strength of the interface was relatively high compared with the tensile strength of the aluminum foam with a porosity of approximately 80%.
Introduction
An aluminum foam sandwich (AFS) structure is a composite consisting of an aluminum foam core with two dense metallic face sheets. The AFS is expected as the light-weight structural component with high stiffness and high energy and vibration absorption properties. 1, 2) It is usually fabricated by bonding the aluminum foam core to the dense metallic sheets using an adhesive.
35) It is considered that the AFS fabricated using an adhesive cannot be used under high-temperature conditions 4) and has limited usage owing to the difficulty in recycling 4) and considerable environmental concerns. 6) To overcome these limitations, metallurgical bonding between aluminum foam and dense sheets is performed. In the previous studies, 4) the metallurgical bonding of the AFS was achieved by a powder metallurgical route. This process consists of mixing aluminum powders with a blowing agent and compacting the obtained mixture to obtain dense aluminum composites called foamable precursors. These foamable precursors and two face sheets on both sides are clad-bonded by extrusion or rolling, after which the foamable precursors are expanded by heat treatment.
Recently, a new process of fabricating aluminum foam/ dense metallic sheet composites by friction stir processing (FSP) has been developed. 7, 8) In this process, both the fabrication of a foamable precursor by mixing the blowing agent powder into aluminum sheets using FSP 9, 10) and the metallurgical bonding between the foamable precursor and a dense metallic sheet can be conducted simultaneously. In the previous study, 8) one aluminum foam layer and one dense steel sheet composite was successfully fabricated by FSP. At the bonding interface, a significant diffusion occurred and an AlFe intermetallic compound (IMC) layer with a thickness of several tens of micrometers along the entire interface was generated. Although it was expected that, by conducting drop weight impact tests, the bonding strength of the interface would be higher than the fracture strength of the aluminum foam itself, the thick IMC layer was considered to greatly affect the strength of the bonding interface adversely because the AlFe IMC layer was hard and brittle. 11, 12) However, the fracture strength of the AFS has not been quantitatively investigated yet.
In this study, the process of fabricating one aluminum foam and one dense metallic sheet composite was extended to the fabrication of an AFS by applying an appropriate foaming process. First, an AFS comprising one aluminum foam core layer and two dense steel face sheet layers was fabricated by this new FSP route. Next, the thickness and composition of the AlFe IMC layer generated at the bonding interface were investigated in detail by scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD). Finally, tensile tests of the AFS were conducted, and the bonding strength of interface and tensile strength of the aluminum foam part were compared. Also, the fracture behavior of this AFS during the tensile tests was observed. Figure 1 shows a schematic illustration of the process of manufacturing the AFS by FSP route. A1050 aluminum sheets of 3 and 1.5 mm thicknesses were used as sheets A and B, respectively, and an SPCC low-carbon steel sheet of 2 mm thickness was used as sheet C. Sheets A and B were laminated with the blowing agent powder (TiH 2 , <45 µm, 1 mass%) and stabilization agent powder (¡-Al 2 O 3 , ³1 µm, 10 mass%) distributed between them. The laminated sheets were stacked on sheet C, and FSP was conducted to mix the powders into the aluminum sheets and to join the laminated sheets. FSP was carried out using a friction stir welding machine manufactured by Hitachi Setsubi Engineering Co., Ltd. (Hitachi, Japan). The FSP tool had a cylindrical shape with a screw probe. The diameter of the tool shoulder was 17 mm, and the diameter of the tool probe was 6 mm and its length was 5 mm. SKH51 high-speed tool steel was used as + Graduate Student, Gunma University the tool material. The tool rotation speed was 2200 rpm and the welding speed was 100 mm/min with reference to a previous study on fabricating A1050 aluminum foam.
Experimental Procedure
13) The tool axis was tilted by 3 deg. with respect to the vertical axis of the sheet surface. The probe depth of the rotating tool inserted into the surface of the steel was set to 0.2 mm, as shown in Fig. 1(c) , with reference to a previous study on fabricating an aluminum foam/dense steel composite that can achieve a good bonding interface.
8) The multipass FSP technique (7 lines © 2 times in this study), as shown in Figs. 1(c) and 1(d), was applied to obtain a larger precursor and to mix the powders thoroughly. 13) As shown in Fig. 1(d) , precursor samples of 35 mm © 35 mm © 4.5 mm aluminum bonded with 80 mm © 35 mm © 2 mm steel sheets were cut from the region subjected to FSP. As shown in Fig. 1(e) , two precursors were placed face to face in the die accompanied by one 35 mm © 20 mm © 6 mm aluminum foamable precursor without a steel sheet between them.
The precursor samples were then heated in a preheated electric furnace. The holding temperature (equal to the preheated temperature) and holding time during the heating process were 1003 K (730°C) and 570 s, respectively. After heating, the sample was cooled to room temperature under ambient conditions.
The cross section of the bonding interface of the obtained AFS between aluminum foam and a dense steel sheet was observed by EBSD to estimate the crystal structure of the IMC layer. The FeAl IMC layers expected to be formed in this study from a phase diagram are Fe 2 Al 5 and FeAl 3 . Therefore, the distributions of Fe 2 Al 5 and FeAl 3 were investigated. The crystal structures of Fe, Fe 2 Al 5 , FeAl 3 and Al are BCC, orthorhombic, monoclinic and FCC, respectively.
12)
The obtained AFS was cut by electrodischarge machining, and 30 mm © 30 mm © 34 mm (30 mm length on a side cubic aluminum foam part with 2 mm dense steel sheets on both sides) tensile specimens were fabricated. The size of the tensile specimen was selected such that more than 10 pores were contained on each side of the specimen to suppress the edge effect. The grip part for tensile tests was realized by bonding a jig using an adhesive to the dense steel sheets of the AFS. The tensile tests were carried out at room temperature using the universal testing machine. The relative velocity between the cross head and the screw rod was set at 1 mm/min. Figure 2 shows the obtained AFS tensile test specimen before bonding a jig and a typical X-ray CT image of the pore structures of the AFS. The porosity of the aluminum foam part estimated by the dimension and weight measurements of the tensile test specimen before bonding a jig, excluding the steel part by dimension measurements and density of steel sheets, was 79.6%. The upper and lower white parts of the X-ray CT image are dense steel sheets, and the other white parts indicate the cell wall of aluminum foam. It can be seen that the AFS can be obtained with a good bonding interface and good pore structures by FSP route. The average pore diameter observed from the X-ray CT image was 2.67 mm, which was almost the same as that of A1050 aluminum foam fabricated by FSP route without dense steel sheets 14) and smaller than that of ALPORAS 15) manufactured by Shinko Wire Co., Ltd. (Amagasaki, Japan). Figure 3 shows the typical microstructure of the bonding interface. Figure 3(a) shows a SEM image, and Fig. 3(b) shows a corresponding phase map. The IMC layer with a tongue-like morphology was generated, and the large part near the steel part was estimated to be Fe 2 Al 5 and the thin layer observed near the aluminum part was estimated to be FeAl 3 . These results are consistent with those in the literature, in which an IMC layer with a tongue-like morphology was reported to form between steel and pure aluminum in the temperature range from 973 K (700°C) to 1173 K (900°C), indicating that the growth of the diffusion layer began with the formation of a thin (³10 µm) FeAl 3 IMC layer at the interface, followed by the subsequent formation of an Fe 2 Al 5 IMC layer that rapidly penetrated into the steel.
Results and Discussion
1618) The average length of the IMC layer along the entire interface obtained in this study was 65 µm, and it was considered that fracture would occur from this thick, hard and brittle IMC layer. Figure 4 shows the typical tensile stressstrain curve of the obtained AFS and the digital images obtained during tensile tests. Fracture occurred from the aluminum foam part, indicating that the bonding strength of the interface was higher than the tensile strength of the aluminum foam part. The tensile strength of the aluminum foam part was approximately 2 MPa, which is slightly higher than that of ALPORAS. 15) The difference in tensile strength is due to the difference in porosity. From these results, it is expected that the proposed FSP route will be effective for fabricating an AFS with a highly reliable interface bonding. It is considered that when porosity decreases, the tensile strength of the aluminum foam part increases, and there is a threshold porosity at which the lower strength shifted from the aluminum foam part to the bonding interface. Clearly, much more extensive studies are necessary to examine the porosity with application limitation for fabricating an AFS by FSP route.
Conclusion
In this study, an AFS consisting of an aluminum foam core with dense steel face sheets was fabricated by FSP route. In this process, metallurgical bonding between aluminum foam and dense steel sheets can be achieved. Although an IMC layer with a thickness of 65 µm and a tongue-like morphology that consists of a thick Fe 2 Al 5 layer and a thin FeAl 3 layer was generated, tensile tests revealed that the bonding strength of the interface consisting of the IMC layer was relatively high compared with the tensile strength of the aluminum foam with a porosity of approximately 80%. Therefore, it is expected that the fabrication of the AFS by FSP route will be effective for increasing the productivity and realizing a reliable interface bonding. throughout this study. 
